reduced the extent of PDH phosphorylation, reduced glucose consumption, lactate production, and mitochondrial membrane potential. High-dose thiamine and DCA did not increase ROS, but increased caspase-3 activity. Conclusion Our findings suggest that high-dose thiamine reduces cancer cell proliferation by a mechanism similar to that described for dichloroacetate.
Introduction
A high rate of glycolysis and an increase in lactate production have long been considered hallmarks of cancer. This oncogenically driven change in cellular metabolism supports an increase in biomass and ATP generation that is necessary to sustain rapid proliferation. A critical regulatory step supporting the enhanced glycolytic activity in cancer cells is the reduced activity of the vitamin B1 (thiamine)-dependent enzyme pyruvate dehydrogenase (PDH), which limits the conversion of pyruvate to acetylCoA. The decrease in PDH activity reduces glucose carbon flux into the tricarboxylic acid (TCA) cycle and consequently excess glucose carbons are converted to lactate in order to regenerate NAD+ for continued ATP production. This truncation in glucose metabolism also facilitates the shunting of phosphometabolites into additional metabolic pathways for biosynthetic reactions [1, 2] .
The activity of PDH is regulated through reversible phosphorylation reactions controlled by pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase phosphatase. PDK is a family of four isoenzymes (PDK1-4) that inactivate PDH through phosphorylation on three
Abstract
Purpose The dichotomous effect of thiamine supplementation on cancer cell growth is characterized by growth stimulation at low doses and growth suppression at high doses. Unfortunately, how thiamine reduces cancer cell proliferation is currently unknown. Recent focuses on metabolic targets for cancer therapy have exploited the altered regulation of the thiamine-dependent enzyme pyruvate dehydrogenase (PDH). Cancer cells inactivate PDH through phosphorylation by overexpression of pyruvate dehydrogenase kinases (PDKs). Inhibition of PDKs by dichloracetate (DCA) exhibits a growth suppressive effect in many cancers. Recently, it has been shown that the thiamine coenzyme, thiamine pyrophosphate reduces PDKmediated phosphorylation of PDH. Therefore, the objective of this study was to determine whether high-dose thiamine supplementation reduces cell proliferation through a DCAlike mechanism. Methods Cytotoxicity of thiamine and DCA was assessed in SK-N-BE and Panc-1 cancer cell lines. Comparative effects of high-dose thiamine and DCA on PDH phosphorylation were measured by Western blot. The metabolic impact of PDH reactivation was determined by glucose and lactate assays. Changes in the mitochondrial membrane potential, reactive oxygen species (ROS) production, and caspase-3 activation were assessed to characterize the mechanism of action. Results Thiamine exhibited a lower IC50 value in both cell lines compared with DCA. Both thiamine and DCA serine residues (Ser-293, Ser-300, and Ser-232) [3] . PDK1 is the only isoform that has been shown to phosphorylate all three sites on PDH, while PDK2/3/4 primarily phosphorylates Ser-293 and Ser-300 [4] . Although phosphorylation at any of the three sites leads to inactivation, Ser-293 is the predominant phosphorylation site [5, 6] . Overexpression of PDK1 has been found in cancers such as breast, head and neck, and lung cancers [7, 8] . When PDK1 is knocked down, PDH activity and glucose oxidation are restored, resulting in reduced lactate production and suppression of tumor growth [9] . Pyruvate dehydrogenase kinase isoforms have also been characterized as direct transcriptional targets for hypoxia inducible factor 1-α [10, 11] . Upregulation of PDKs in hypoxic tumor microenvironments directly supports the increase in anaerobic glycolytic activity observed in hypoxic cancer cells [12] . Overexpression of PDKs is also associated with chemoresistance. Knockdown of PDK1 and PDK3 increased cytotoxicity of the anticancer drugs paclitaxel and cisplatin [10] . Thus, inactivation of PDH activity through overexpression of PDKs is an important pro-survival pathway exploited by cancer cells.
The inhibition of PDK-mediated phosphorylation of PDH has shown considerable promise as a targeted strategy to reduce cancer cell proliferation [13] . One such compound, dichloroacetate (DCA) is effective at reducing cell growth in a number of malignancies including breast, endometrial, lung, and colorectal [13] [14] [15] . Re-establishment of PDH function normalizes glycolytic activity in cancer cells, directing glucose carbons through mitochondrial oxidative phosphorylation pathways. Cancer cells with defective mitochondrial electron transport chain are unable to cope and as a result increase reactive oxygen species (ROS) generation, cytochrome C release, and ultimately apoptosis [16, 17] . An advantage to targeting PDK activity is that overexpression of PDKs and extensive phosphorylation of PDH are found in cancer cells and not in normal tissue [14] . This may provide for selective targeting toward malignant tissue and avoiding unwanted off-target toxicity commonly observed with conventional chemotherapy.
Pyruvate dehydrogenase activity is also regulated by substrate and end product feedback. The products of the PDH reaction (NADH and acetyl-CoA) stimulate phosphorylation by PDKs, while an excess of substrates (pyruvate and ADP) or cofactor (thiamine pyrophosphate; TPP) inhibits phosphorylation [18] . Kolobova et al. [4] found that TPP decreased both the rate and extent of PDH phosphorylation by PDK isoforms. Thus, increasing concentrations of TPP through thiamine supplementation may be pro-apoptotic through restoration of PDH activity in cancer cells similar to the mechanism observed with DCA. This may provide a mechanistic understanding as to why thiamine suppressed tumor growth at doses >75 times the recommended daily intake [19] . Therefore, the objective of this study was to determine whether high-dose thiamine supplementation reduces cellular proliferation of cancer cells through a mechanism involving a reduction in PDH phosphorylation.
Materials and methods

Materials
All cell culture reagents including gentamicin and trypsin/ EDTA were obtained from Mediatech (Manassas, VA). Custom-formulated thiamine-deficient RPMI 1640 was also prepared by Mediatech to allow for the controlled addition of thiamine. Cell culture-treated flasks, plates, and dishes were obtained from Greiner Bio-One (Monroe, NC). Fetal bovine serum (FBS), crystal violet, thiamine hydrochloride, and sodium dichloroacetate (DCA) were purchased from Sigma-Aldrich (St. Louis, MO).
Cell culture
The cancer cell lines Panc-1 (pancreatic) and SK-N-BE (neuroblastoma) were obtained from ATCC (Manassas, VA). All cell lines were maintained in thiamine-deficient RPMI 1640 supplemented with 30 nM thiamine, 10 % FBS, and 0.2 % gentamicin (referred to as T30 media). All cells were cultured at 37 °C in a humidified atmosphere of 5 % CO 2 .
Cell proliferation assays
The effects of thiamine and DCA on cell proliferation were determined using the crystal violet assay as described previously [20] . Briefly, cells were seeded into 96-well plates at a density of 3,000 (Panc-1) or 9,000 (SK-N-BE) cells/cm 2 and allowed to attach overnight. Media was then replaced with increasing concentrations of either thiamine or DCA, and cells were allowed to grow for 5 days at 37 °C. After which, the media was aspirated, and cells were washed with phosphate-buffered saline (PBS) and then fixed with 10 % neutral buffered formalin (EMD Millipore, Darmstadt, Germany) for 1 h at 4 °C. The fixed cells were gently washed under running distilled water, stained with 0.1 % crystal violet for 30 min, and then washed again with distilled water and allowed to dry overnight. To quantify the extent of crystal violet staining, cells were destained with 200 μL of 1 % Triton X-100 and the absorbance measured at 550 nm using a Spectra Max M2e (Molecular Devices, Sunnyvale, CA) microplate reader. The proliferation was calculated as the percent viability comparing treated cells to control cells cultured in T30 media only. The IC50 values were determined using nonlinear regression using GraphPad Prism 6 software.
Western blotting
The effects of thiamine and DCA on the extent of PDH phosphorylation were assessed by Western blot. Cells were seeded into 60-mm cell culture dishes and upon reaching ~75 % confluency were treated with either T30 media, T30 media + 25 mM thiamine, or T30 media + 25 mM DCA for 24 and 48 h at 37 °C. Following treatment, cells were washed with ice-cold PBS and lysed using 50 mM Tris, 250 mM NaCl, 1 mM EDTA, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 % SDS supplemented with protease inhibitor and phosphatase inhibitor cocktail (EMD Biosciences, La Jolla, CA). Lysates were then centrifuged at 14,000×g and 4 °C for 20 min with the supernatant collected. Protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).
Whole-cell lysates (50 μg) were electrophoresed on a 10 % SDS-PAGE gel and then transferred to a polyvinylidene difluoride membrane (Hybond-P, GE Healthcare, Piscataway, NJ). The membrane was blocked with 3 % bovine serum albumin (KSE Scientific, Durham, NC) in Tris-buffered saline Tween 20 (TBS-T) for 1 h. The membrane was blotted for either total PDH-E1α (Genetex, Irvine, CA), PDH pSer-293, PDH pSer-300, PDH pSer232 (Calbiochem, La Jolla, CA), or β-actin (Sigma-Aldrich, St. Louis, MO) overnight at concentrations of 1:1,000, 1:500 (for all PDH phosphorylation antibodies), and 1:1,000, respectively, in TBS-T. Blots were washed in TBS-T three times for 10 min each and blotted with either goat antimouse horseradish peroxidase (HRP) secondary antibody (Millipore, Billerica, MA) for β-actin at 1:20,000 or donkey anti-rabbit HRP (Bethyl, Montgomery, TX) for PDH-E1α and PDH pSer-293 at 1:15,000 in TBS-T for 1 h. Blots were again washed three times for 10 min with TBS-T, visualized using Supersignal West Pico (Thermo Scientific, Rockford, IL), and imaged using a Fluorchem SP digital imager (Alpha Innotech, San Leandro, CA). Densitometry was performed using Fluorchem SP software. The change in PDH phosphorylation is expressed as a ratio of control (Ser-293/PDHE1α) to treated (Ser-293/PDHE1α) cells.
Glucose and lactate assay
The effects of thiamine and DCA on glucose consumption and lactate production were assessed using commercially available glucose (Sigma-Aldrich, St. Louis, MO) and l-lactate assay kits (Eton Biosciences, San Diego, CA). Cells seeded into 60-mm cell culture dishes were allowed to reach ~75 % confluency and then treated with either T30 media, T30 media + 25 mM thiamine, or T30 media + 25 mM DCA for 24 and 48 h at 37 °C. Following treatment, media samples were collected and centrifuged at 14,000×g and 4 °C for 5 min to pellet any cell debris. For the quantitation of glucose remaining in the media, 10 μL of media sample or standard was added to a 96-well plate followed by addition of the supplied assay reagent (90 μL). The reaction was allowed to proceed for 15 min at room temperature, and the absorbance measured at 340 nm. For lactate, 50 μL of media sample or standard was placed into a 96-well plate followed by addition of 50 μL of the supplied assay reagent. The plate was set at 37 °C for 30 min, after which the reaction was stopped by the addition of 50 μL of 0.5 M acetic acid (EMD Millipore, Darmstadt, Germany), and the absorption measured at 490 nm. Results were normalized to total cellular protein using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).
Mitochondrial membrane potential
The potentiometric dye tetramethylrhodamine methyl ester (TMRM) (Sigma-Aldrich, St. Louis, MO) was used to assess changes in mitochondrial membrane potential (MMP). Cells were seeded into 48-well plate and cultured until ~75 % confluency. Cells were treated with either T30 media, T30 media + 25 mM thiamine, or T30 media + 25 mM DCA for 48 h. The protonophore FCCP (Sigma-Aldrich, St. Louis, MO) was added 3 h prior to TMRM addition to a group of T30 media control cells (25 μM) as a positive control for changes in membrane polarization. TMRM was then added to each well (25 nM), and cells were incubated at 37 °C for 30 min. The media was then aspirated, and wells were washed twice with PBS (37 °C) to remove extracellular TMRM. An aliquot of PBS (500 μL) was then placed into each well, and the fluorescence was measured at EX = 550 nm and EM = 575 nm using a Spectra Max M2e microplate reader. Data were normalized to total cellular protein, which was quantified using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).
Production of H 2 O 2 was determined using the commercially available Hydrogen Peroxide Fluorometric Detection Kit (Enzo Life Sciences, Farmingdale, NY). Cells were treated with the oxidative phosphorylation inhibitor rotenone (5 μM) (Calbiochem, La Jolla, CA), 25 mM thiamine, or 25 mM DCA for 30 min, 1 h, and 2 h prior to assay. After treatment, the media was removed and wells were washed twice with PBS (37 °C). 200 μL of supplied reaction mixture (detection reagent, horseradish peroxidase, and PBS) was added to each well, and the cells 1 3
were allowed to incubate for 10 min at room temperature. Fluorescence was then measured at EX = 550 nm and EM = 590 nm. Data were normalized to total cellular protein as determined using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).
Caspase-3
Activation of caspase-3 was measured using the commercially available caspase-3 fluorescence assay kit (Cayman Chemical Company, Ann Arbor, MI). Treatment of cells with thiamine and DCA was performed as described above for the TMRM assay. 24 h prior to caspase-3 assay a set of control cells were treated with the topoisomerase I inhibitor (1 μM) SN-38 (LKT Laboratories, St. Paul, MN) as a positive control for caspase-3 induction. Following 48 h of thiamine and DCA treatment, the cells were washed with supplied caspase-3 assay buffer. 100 μL of supplied lysis buffer was added to each well and incubated for 30 min at room temperature on an orbital plate shaker. Cell lysates were collected and centrifuged for 10 min at 800×g after which 90 μL of supernatant was transferred to a 96-well plate. 100 μL of the supplied caspase-3 substrate solution was then added to each well, and the plates were incubated at 37 °C for 30 min. The fluorescence was measured at EX = 485 nm and EM = 535 nm. Data were normalized to total cellular protein as determined using the Bio-Rad Protein Assay Kit (Hercules, CA) and expressed as the relative fluorescence per mg protein.
Statistical analysis
All experiments were performed with a minimum of three independent experiments unless otherwise noted. Statistical significance was evaluated using unpaired Student's t test with a significance level of p < 0.05 using Graph Pad Prism 6. 
Results
Thiamine reduces cancer cells proliferation
The crystal violet assay was used to assess the effects of thiamine and DCA on cell proliferation. Figure 1 
High-dose thiamine reduces the extent of PDH phosphorylation
Based on cell proliferation results, a concentration of 25 mM of either thiamine or DCA was chosen for shortterm studies as this dose provided the greatest decrease in cell proliferation after 5 days (Fig. 1) . In both SK-N-BE and Panc-1 cells, DCA decreased the extent of phosphorylated PDH at Ser-293 as early as 24 h of treatment (Fig. 2) . The ratio of Ser-293 to total PDHE1α was calculated for each treatment group to assess the reduction of phosphorylation. The fold reduction in PDH phosphorylation for SK-N-BE cells treated with DCA was from 0.21 and 0.09 after 24 and 48 h treatment, which was consistent with 0.17 and 0.01 for thiamine after 24 and 48 h treatment. A similar fold reduction in PDH phosphorylation was observed for Panc-1 cells treated with DCA and thiamine (Fig. 2) . No detectible phosphorylation at Ser-300 or Ser-232 was found in control or in treated cells (data not shown).
High-dose thiamine reduces glucose consumption and lactate production In both cell lines, thiamine and DCA significantly decreased the consumption of glucose after 24 and 48 h treatment (Fig. 3) . Both DCA and thiamine significantly reduced the level of extracellular lactate secreted by Panc-1 cells (Fig. 3) . However, DCA significantly reduced lactate secretion in SK-N-BE cells while thiamine had no effect after 24 and 48 h exposure (Fig. 3) .
Effect of high-dose thiamine on mitochondrial polarization
The potentiometric dye TMRM was employed to assess the impact of thiamine and DCA on altering mitochondria polarization. As a positive control, the protonophore FCCP significantly decreased mitochondrial membrane polarization in both cell lines evaluated (Fig. 4) . Following 48 h of treatment, both thiamine and DCA resulted in a statistically significant decrease in mitochondrial membrane potential (Fig. 4) .
Effect of high-dose thiamine on ROS production
As a measure of intracellular ROS, cells treated with thiamine or DCA were assayed for peroxide following 30 min, 1, and 2 h of treatment. No significant change in ROS was observed over all time points with thiamine and DCA as well as with the oxidative phosphorylation inhibitor rotenone (Fig. 5 ).
High-dose thiamine increases caspase-3 activity
Induction of caspase-3 activity was used to assess apoptosis in SK-N-BE and Panc-1 cells after thiamine and DCA treatment. Both thiamine and DCA significantly increased caspase-3 activity after 48 h of treatment (Fig. 6 ).
Discussion
Vitamin B1 supplementation has a duality of effects on cancer cell survival and proliferation. At low to moderate doses, thiamine has been shown to support cancer cell proliferation. Comín-Anduix et al. [19] found an increase in tumor proliferation at values from 12.5 to 75 times the recommended daily allowance (RDA) in an Ehrlich ascites tumor model. This stimulation of cell proliferation may be supported by alterations in expression and utilization of thiamine-dependent enzymes during malignancy. In particular, the thiamine-dependent enzyme transketolase has been shown to be upregulated in a variety of cancers including colon, urothelial, breast, ovarian, and gastric and is essential for generation of nucleotide precursors to sustain rapid proliferation [21] [22] [23] [24] . However, at high doses (>75 times the RDA), no increase in tumor growth was found compared with control, suggesting an anti-proliferative effect in cancer cells [19] . Using a pancreatic and neuroblastoma cell line, thiamine reduced cell proliferation with an IC50 of 4.9 and 5.4 mM, respectively. Although the IC50 with thiamine was lower than DCA, both reduced proliferation of SK-N-BE and Panc-1 cells at similar concentrations previously reported for DCA [25] . These results indicate that thiamine has a similar dose-response profile when compared with DCA.
Mechanistically, DCA stimulates PDH activity by acting as a pyruvate mimetic and blocking the action of PDKmediated phosphorylation [26] . The presence of TPP has also been shown to block the phosphorylation of PDH by PDKs [4] . Figure 2 demonstrates that both DCA and thiamine reduced PDH phosphorylation in both SK-N-BE and Panc-1 cells. Increasing PDH activity in cancer cells can lead to a shift in glycolytic metabolism that promotes reduced glycolytic flux and reduced conversion of pyruvate to lactate. Dichloroacetate treatment reduces glucose consumption and lactate production in tumors as a consequence of increased PDH activity [27, 28] . Similar to DCA, high-dose thiamine decreased glucose consumption in both cell lines. However, high-dose thiamine reduced lactate production only in Panc-1 cells, while DCA reduced lactate levels in both. It is unclear why lactate levels did not change following 48 h of treatment in the neuroblastoma cell line SK-N-BE. In a panel of neuroblastoma cell lines, DCA reduced lactate in some while having no effect on lactate production in others [28] . Additionally, the high dose of thiamine may have impacted the activity of other thiamine-dependent enzymes. The increase in PDH activity by high-dose thiamine and subsequent increase in acetylCoA production may have increased the flux of glucose carbons through the TCA cycle. The thiamine-dependent enzyme α-ketoglutarate dehydrogenase found within the TCA cycle, converts α-ketoglutarate to succinyl-CoA that continues on to form maleate. The increased TCA flux may facilitate maleate conversion back to pyruvate and subsequently to lactate [29] . High-dose thiamine may have promoted increased lactate derived through the TCA cycle that counteracted the activity of PDH on reducing lactate production. Thus, the cellular metabolic phenotype may be an important dictator on the metabolic effects observed with high-dose thiamine similar to the variability reported for DCA [17] .
Dichloroacetate-mediated apoptosis is considered to be the result of mitochondria-dependent pathways initiated by the loss of MMP and subsequent release of proapoptotic factors [14, 30] . Both DCA and thiamine significantly reduced the MMP in SK-N-BE and Panc-1 cells. An increase in caspase-3 activation was also found for both DCA and thiamine consistent with an apoptotic mechanism. A consequence of the normalization of glycolysis through PDH activation is an increase in ROS production. DCA-mediated ROS generation and reduction in MMP have been shown to induce the Kv1.5 potassium channel expression as a possible contributor for caspase activation [13] . Using peroxide as a measure of ROS, neither DCA, thiamine, nor rotenone induced ROS after 2 h of treatment in SK-N-BE and Panc-1 cells. Although it is unclear why ROS was not increased, a similar lack of significant ROS generation by DCA in A549 cancer cells was associated with JNK1 activation and apoptosis [31] . Conversely, DCA treatment to several cancer cell lines reduced MMP and increased ROS generation with no observable apoptotic response [25] . Interestingly, the same study demonstrated the lack of Kv1.5 induction even though DCA induced ROS generation and caspase activation [25] . Thus, the effects of PDH activation by either DCA or thiamine on initiating the mitochondria-mediated apoptotic cascade needs to be further defined and may be highly dependent on cancer cell phenotypes.
A particular advantage of DCA treatment is the targeting of a metabolic phenotype found in cancer cells that is not observed in normal tissue [27] . However, the high dose (mM) of DCA required to reduce cancer proliferation may limit the use in vivo. Doses as high as 25 mg/kg/day (~1.75 g/day for 70 kg patient) of DCA have been found to result in toxic neuropathy in patients with mitochondrial myopathy, encephalopathy, and stroke-like episodes [32] . Thiamine is an essential vitamin required for normal health and an endobiotic that the body has functional mechanisms to regulate homeostasis [33] . Although our findings demonstrate that doses of thiamine (mM) required to reduce cancer cell proliferation are similar to DCA, thiamine has few dose-limiting toxicities. Smithline et al. [34] reported no adverse effects in healthy patients who were given 1.5 g/ day of thiamine. Only minor side effects such as nausea and indigestion were reported in patients given doses as high as 7.5 g/day [35] . Thus, high-dose thiamine supplementation may be a safer and more tolerated treatment option.
The impact of thiamine homeostasis on the doseresponse may be an important component. Intracellular uptake of thiamine is dependent on the activity of the thiamine transporters THTR1 and THTR2 [36] . Once in the cells, thiamine is rapidly converted to the active cofactor TPP by thiamine pyrophosphokinase-1 (TPK-1). Transport of TPP across the mitochondrial membrane for PDH activity is mediated by the thiamine pyrophosphate carrier, which is encoded by the SLC25A19 gene [37] . Since only TPP has been reported to reduce PDH phosphorylation, the intracellular uptake and conversion of thiamine to TPP may be an important contributor to the dose-response. Overexpression of TPK1, SLC19A2, and SLC25A19 in breast cancer tissue samples compared with normal breast tissue was recently described [38] . Thus, the cellular availability of thiamine may be augmented by the increase in thiamine homeostasis genes in cancer cells. Alternatively, a potential non-cofactor role of thiamine may contribute toward reducing cellular proliferation. Free thiamine has direct antioxidant properties as well as being essential for glutathione production [39] [40] [41] . Antioxidant treatment of cancer cells has been described to have an anti-proliferative and prosurvival response through either reducing ROS status or protection against ROS stress [42] . Thus, differences in expression of thiamine homeostasis genes and the extent of intracellular thiamine and TPP levels may dictate the doseresponse and/or mechanism for reduced cell proliferation by high-dose thiamine.
In conclusion, we have demonstrated that high-dose thiamine decreased proliferation in a mechanism similar to that of DCA in SK-N-BE and Panc-1 cells. Both thiamine and DCA reduced PDH phosphorylation, decreased MMP, and induced caspase-3 mediated apoptosis. These findings describe a potential mechanism by which high-dose thiamine reduced in vivo tumor growth [19] . Treatment regimens with high-dose thiamine may be a safer more tolerated alternative to DCA supplementation. Future work will need to establish the role of thiamine homeostasis genes in the dose-response and if any non-cofactor roles of thiamine may contribute to the mechanism of toxicity.
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